ABSTRACT One-dimensional electrochemical cellular automaton (1D-ECA) has been extended so that the boundary, or electrode, can act as a catalyst, allowing for intermediate short-lived adsorbates to be transformed to and from the chemical species existing in the adjacent region within the electrolytic solution. Cyclic voltammograms have been calculated for typical sets of parameter values corresponding to fast surface reactions.
Introduction
In electrochemistry the electrode is the place where electrons are transferred to and from chemical species surrounding it, leading to oxidation or reduction of the species. Some electrodes act additionally as catalyst, enhancing the reactions that are otherwise slow if the material of electrode is different. An example is the reduction of oxygen O 2 in the presence of H + on platinum, i.e., anode reaction of fuel cells, 1 in which adsorbed species such as -OOH and -OH, are involved. 2 It has been shown in the preceding note 3 (hereafter referred to as I), note II, 4 note III, 5 and elsewhere 6 that ordinary electrodes can be modeled by one-dimensional electrochemical cellular automata (1D-ECA), i.e., a kind of cellular automata equipped with the boundary on which the electron transfer occurs. This approach is easy to implement on the computer, and can be utilized in the classroom.
In the present paper the model is extended so that the intermediate species are included into the recursive algorithm of the 1D-ECA. The intermediates, existing on the electrode, are assumed to be short-lived, that is, they cannot survive a single iteration cycle of 1D-ECA.
Models of Catalytic Electrode
2.1 Electrochemical cellular automata for ordinary electrochemical reactions A basic electrochemical reaction is represented by the following quasireversible scheme 7 Ox þ e À Rd;
ECA accounts separately for two processes; mass transport and electron transfer. For mass transport, the vector P k i , composed of the concentrations of the two species at time t = k Dt and position x = i Dx, satisfies the recursive relations 3, 8 
where the probabilities for movement are usually set to symmetric values, p ¼ q ¼ 1=2 and p 0 ¼ q 0 ¼ 1=2, for diffusion in a narrow sense. The matrix !, which enables slower diffusion, 2 has been suppressed for the sake of simplicity. In other words, ! has been set to a unit matrix. The magnitudes of Dt and Dx are discussed in III; 5 Dt is somewhere in the range 1 µs-10 ms and Dx somewhere in the range 0.1-10 µm, depending on the values of the diffusion coefficient and standard rate constant.
Electron transfer, on the other hand, is governed by
where A is a m © m transition matrix, m being the number of components within the solution; in the present case m = 2. The components of A-matrix are transition probabilities r f ð¾Þ and r b ð¾Þ,
This form ensures the conservation of mass on the electrode, since P k 0 ðOxÞ þ P k 0 ðRdÞ remains unchanged during time evolution. The probabilities r f ð¾Þ and r b ð¾Þ have the forms
where¯is an enhancement parameter, K RO an asymmetry parameter between reduction and oxidation, V T , defined by (Boltzmann constant) © (temperature)/(elementary charge), takes the value 25 mV at the room temperature, 3 n the number of electrons transferred, X the relative potential defined by
Here E eq is the equilibrium potential at which no current flows for standard concentrations of Ox and Rd. r f ð¾Þ has opposite tendency against r b ð¾Þ, as illustrated in Fig. 1 , where¯= 1 and K RO = 1. As the electrode potential is raised to more positive, the oxidation is enhanced, that is, the oxidation probability increases with E. The value of K RO can be inferred from the plots of r f ð¾Þ and r b ð¾Þ:
The probabilities cannot be independent of each other, but must obey the restriction
Electrochemistry
In passing it should be noted that the transition probability need not depend on E unless electron transfer is involved. The electrical current is proportional to the rates of net electron transfer to and from the electrode, and the unscaled value is given by (see Eq. (8) of I)
2.2 Electrochemical cellular automata for a model catalytic electrode 2.
Reaction models
The reaction model that will be dealt with in the present paper is illustrated in Fig. 2(a) , which is one of the simplest implementations of catalytic reactions within the framework of 1D-ECA, whereas Fig. 2(b) is a molecular-level representation of the process. The participants in the model are Ox, Rd, Im 1 , and Im 2 , where Ox and Rd exist in the solution and Im 1 and Im 2 on the surface. Im 1 is a precursor of Ox by way of electron transfer, the equilibrium potential of which is denoted by E eq (Ox/Im 1 ). Im 2 is a precursor of Rd, which requires no electron transfer to the surface. In order for Rd to be produced from Ox, Im 1 must be converted to Im 2 . This process is assumed to be very fast, establishing the equilibrium distribution of Im 1 and Im 2 on the surface.
The whole process can be expressed by the following schemes in the reduction regime, i.e., for reduction waves of cyclic voltammetry.
Ox þ e À ! Im 1 ; ðE eq ðOx=Im 1 ÞÞ ð12Þ
Im 2 ! Rd ð14Þ In the oxidation regime, the right arrows of (12) and (14) should be reversed.
The potential energy curve along the reaction coordinate is illustrated schematically in Fig. 3 . The leftmost barrier is assumed to be affected by the electrode potential. As the electrode potential E is made more negative, electron transfer to Ox, or reduction of Ox, is enhanced. The figure shows that probability parameters that will be used in the subsequent sections. s b is the probability for Rd to be adsorbed on the surface and s f is that for the reverse process. s b and s f are the same as r f and r b , respectively, except that they apply to Rd and that they are independent of the electrode potential. The last restriction means that during the course of the change Ox ¼ Rd only a single electron is transferred from the surface to molecule.
All the participating species, Ox, Rd, Im 1 , and Im 2 are assumed to be single molecules and/or atoms, and the surface reactions are apparently unimolecular. Thus, the present model should be understood as a prototype of catalytic reaction models. An example of the model reaction is an isomerization, just like a gas-phase unimolecular reaction,
where iso-M is an isomer of M. A neutral M is also allowed for the right-hand side, but such a process would be a trivial example.
1D-ECA kinetics
In order to deal with Schemes (12) to (14) within the framework of 1D-ECA, the following rules are set up. Rule 1: The total amount of Ox and Rd is conserved within each spatial slice of thickness Dx, including that for i = 0. This means that cyclic voltammograms persist indefinitely. (31) and (32)), but if r b ð¾Þ ( 1 and s f $ 1, the desorption continues by way of Im 2 until no adsorbates remain on the surface. In other words, Rule 7 follows from Rules 5 and 6.
Ox
In order to construct the 1D-ECA, let us consider the diagram of Fig. 4 , where ðk þ 1 2 Þ-th step is just an intermediate step somewhere between k-th and (k + 1)-th time steps. Before discussing those chemical changes, it is necessary to consider how the threedimensional distribution within the solution over the electrode is transformed to the two-dimensional distribution on the surface. Let N be the amount of the chemical species within the cell at i = 0, which is a box of cross section S and length Dx. The concentration therein, in units of mol/m 3 , is therefore
If all the particles moved to the surface of the same cross section, the density on the surface would become
where the surface density Q is characterized in units of mol/m 2 . In fact, a fraction of the particles undergo this type of change, and the concept of probability is introduced (see Rules 2-4). Now the first stage of Fig. 4 can be expressed by the following equations, ; ð28Þ which holds for K RO ¼ 1. In general, Eq. (28) yieldsK RO 6 ¼ 1, which suggests that cyclic voltammograms may be asymmetric even if electron transfer is symmetric. Finally, the unscaled electrical current is obtained in a similar manner to Eq. (10),
3. Results and Discussion
Cyclic voltammogram for catalytic electrode
As a preliminary application of the present model, the set of Eqs. (25) and (29) has been calculated for a homogeneous initial condition such that
where P 0 ðOxÞ is the initial concentration of Ox. In subsequent calculations we set¯¼ 1 and K RO ¼ 1, namely, electron transfer is Electrochemistry, 81(12), 961-965 (2013) fast and is symmetric for oxidation and reduction. Since the present model presupposes fast dynamics, the desorption probability s f is set to 0.5 and the adsorption probability s b to 0.5. For the sake of comparison, a smaller value 0.05 is also tested for s b . The apparent asymmetry parameter isK RO ¼ 2 for s b = 0.5 andK RO ¼ 20 for s b ¼ 0:05, as determined from Eq. (28). The sweep range is from 0 mV to ¹1000 mV, the step size is «¦E« = 1 mV, and the equilibrium potential E eq (Ox) = ¹500 mV. The range of mass transport is set to N x = 800. N step = 8, giving the reduced sweep rate 5 v r = ÁE=N step ¼ 0:125 mV/step. The result with s b = 0.5 is a symmetric cyclic voltammogram, as shown in Fig. 6 . Four circles therein mark the positions at which concentration profiles are shown in Fig. 6(b) against the distance from the surface. Inset is a quasireversible cyclic voltammogram calculated for K RO = 2.
If s b is reduced to 0.05, we obtain a considerably asymmetric cyclic voltammogram, as shown in Fig. 7 . Inset is a quasireversible one for K RO = 20. From Figs. 6 and 7 it seems to be safe to say that both types of cyclic voltammograms resemble each other if the values ofK RO and K RO are the same.
If the model systems depicted by Fig. 4 deserve to be called catalytic, there should be a difference in behavior between catalytic and non-catalytic. This can be most easily realized by changing the value of the enhancement parameter¯of Eqs. (6) and (7). This parameter affects the ease of sticking to the surface and the ease of barrier crossing. Figure 8 shows the result for¯= 1 and 0.1, where s f and s b are either 0.5 or 0.05. The value of¯affects cyclic voltammograms significantly, and larger values of¯give rise to catalytic behavior. The changes in s-parameters are not as significant.
Extension to a wider range of catalytic reactions
Let us pose the following questions as to how Rules 1-7 can be relaxed and how 1D-ECA is related to the surface reaction mechanism such as Langmuir-Hinshelwood model. 10 These questions are not necessarily independent of each other.
Rules 1 and 2 are essential parts of the present 1D-ECA model, although it is possible to include other species in the solution.
3 Rules 3 and 4 should remain meaningful, although the probability parameters result from the dynamics of adsorbates, Im 1 and Im 2 .
Rules 5-7 constitute the most important part of the present model, and relaxing them leads to slow dynamics in the sense that equilibrium is incomplete and that some adsorbates reside on the electrode for a longer period of time than a single iteration cycle. In other words, some part of the surface has been covered by the adsorbate, when Ox hits the surface. If this is allowed, it becomes legitimate, for example, to replace Eqs. Another important assumption is unimoleclar model, that is, Im 1 or Im 2 do not interact with the neighboring molecules. This restriction is immaterial provided that the reaction is sufficiently fast and that all the adsorbates leave the surface within a single time step. A possible example is the reduction of proton, or the reverse of the oxidation of hydrogen, 11 as illustrated in Fig. 9 . The type of Fig. 9(a) should be within the scope of the present model, provided that average residence time of the adsorbates is shorter than the iteration period Dt. In Fig. 9(b) adsorbed hydrogen atoms participate in the reduction of H + , and the average residence time is likely to be longer than the iteration period.
To conclude, the present model is a prototype of fast catalytic reactions, for which the parameters may be inferred from the details of dynamics including surface-reaction and/or adsorption models.
